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Thi s gui dance was witten prior to the February 27, 1997

i npl enentation of FDA's Good Gui dance Practices, G&P's. It does
not create or confer rights for or on any person and does not
operate to bind FDA or the public. An alternative approach may be
used i f such approach satisfies the requirenents of the
applicable statute, regulations, or both. This guidance will be
updated in the next revision to include the standard el enents of
GG&P' s.

DRAFT OF SUGGESTED | NFORVATI ON FOR REPCORTI NG EXTRACORPCOREAL SHOCK
WAVE LI THOTRI PSY DEVI CE SHOCK WAVE MEASUREMENTS

FDA requires manuf acturers of ext racor por eal shock  wave
lithotripters to characterize the shock waves produced by their
devi ces. In doing so, lithotripter manufacturers should describe

the instrunents (e.g., hydrophones) and procedures used to neasure
t he shock waves, and present the results of these tests. To assi st
FDA's review of this information, please use an item nunbering
schene that corresponds to the one bel ow, and consecutively nunber
all pages, tables, figures, and equations. Al so, please |abel al
figures <clearly wth captions, axis labels, and wunits as
appropri ate.

1. Hydrophone Description and Specifications
1.1. Hydrophone Description

Ref erence Hydrophones: For faithful reproduction of the shock
waveform including the negative portion of the pulse, the
hydr ophone should be a piezopolynmer (e.g., PVDF) spot-poled
menbrane type, or a denonstrated equivalent. (It should be
noted that some PVDF needl e-type hydrophones w th acoustically
hard backi ngs have not responded well to the trailing negative
(rarefactional) portion of sone shock waveforns.) One caution
in using nenbrane hydrophones is that their angular response
exhibits a sensitivity mninum at an incidence angle of
approxi mately 40 degrees. Thus, errors can result if
nmeasurenents are nade on fields fromshock wave sources havi ng
sufficiently |arge apertures.

The hydrophone effective dianeter should not exceed 1 mm or
0.2ds, whichever is greater, for frequencies greater than
2 MHz. The quantity des is the smallest beam width at which
t he peak positive (conpressional) pressure is dowmn 6 dB (0.5)
fromits maxi num val ue.

For shock waveforns having rise tinmes greater than 25 ns, the
hydrophone  nenbrane thickness shoul d not exceed 50
mcroneters. For shock waveforns having rise tines |less than
25 ns, the hydrophone nenbrane thickness should not exceed 25
m croneters



Non- Ref erence Hydr ophones: Because of the wde spectral
content and steep rise tines associated with Ilithotripter
shock waves, the use of hydrophones whose perfornance devi ates
significantly from that of +the reference hydrophone is
di scour aged. Only reference hydrophones are well suited for
nearly absolute, accurate characterizing of the pul se shape
and beam size of a shock wave field. However, it may be
appropriate in sonme circunstances involving prolonged use to
enpl oy hydrophones of |ower performance than reference
hydrophones, such as in QA or |life-testing, or when
significant hydrophone danmage is unavoi dabl e. For exanpl e,
the use of non-reference hydrophones may be necessary to
produce the plots called for in Section 2 below, especially in
2.2.1.2, 2.2.1.3, and 2.2.1.4.

1.2. Hydrophone Informati on Requirenents

Provide the following information for each type of hydrophone
used to nake shock wave neasurenents:

1.2.1. end-of -cable sensitivity into specified electrica
load vs. frequency (desirable frequency range:
0.2-20 MHz);

1.2.2. angul ar response plot over +45 degrees for at |east

one frequency (recomrended frequency: 2 M), and
calculation of effective dianeter, de, in nm using

de = 0.52c/fsinQs, where c is the speed of sound of
the propagation nediumin minpg, f is frequency in

Mz, and Qs is the angle at which the angular
response is down 3 dB (0.71).

(Effective dianmeter typically is determned from

angul ar response neasurenents. There can be an
inmportant difference between the physical dianeter
of the sensor and its effective dianeter. Usually

the effective dianmeter is the larger of the two.)

1.2.3. a brief description of the nmeasurenent techniques
used to determne the specifications of 1.2.1. and
1.2.2. (above), if known.

1.2.4. overal |l di mensi ons;

1.2.5. the specifications for any hydrophone anplifier
used, including frequency response, nmaxi mum out put
voltage, and, for non-integral anplifiers, the
length of cable between the hydrophone and
anplifier; (Mnimzing this <cable length is
inportant in avoiding transmssion-line ringing
effects.)
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1.2.6. if the hydrophone(s) is from a comercial source,
the manufacturer's nane, address, and hydrophone
nodel nunber.

If a non-reference hydrophone is used to gather any data
supplied in the submssion, then provide the follow ng
i nformati on:

1.2.7. a list of the data gathered with the non-reference
hydr ophone;
1.2.8. at the maxi num shock wave generator output setting,

a conparison of the output of the non-reference
hydrophone wth the output of the reference
hydr ophone, including the shock waveform at the
focus.

2. Measur enent Dat a

Unl ess stated otherwi se below, the follow ng information should be
provided for mnimum typical, and maxi nrum shock wave generator
out put settings and pul se repetition rates.

2.1. Tenporal Information

The description of the tenporal characteristics of the shock
wave pul se should include a tinme domain representation of the
shock waveformat the focal maxinmum (i.e., the point where the
peak positive pressure is a maximun), as neasured by a
ref erence hydrophone. Note that the position of the focal
maxi rum may vary as the shock wave generator output setting is
changed (see 2.2.3).

Usi ng the waveform from above, provide the follow ng:

2.1.1. a frequency domain representation of the shock
wavef or m

2.1. 2. the peak positive and peak negative pressures of
the shock waveform in units of pascals (MPa, kPa,
etc.);

2.1. 3. the rise time and pulse wdth of the shock

waveform where pulse width is defined as the tine
between the half anplitude points on the initial
positive pressure half cycle;

2.1.4. the peak positive pressure vs shock wave generator
output setting, over the full range of output
settings available to the user.



2.2. Spatial Information

Assum ng x-y-z coordinates, with the z-direction being axia
and the x- and y-axes being lateral, provide the follow ng
information about the spatial characteristics of the shock
wave field:

(Note: For the purposes of this Section, a beamis synmetric
if the smallest and largest l|ateral positive pressure beam
widths differ fromtheir nean value by no nore than 10%)

2.2. 1. t wo- di nmensi onal and contour plots for peak
pressures around the focus as foll ows:

2.2.1.1. 2-D lateral beam plots of peak positive and
peak negative pressures along x- and y-axes at
t he focus;

2.2.1.2. 2-D axial beam plot of peak positive pressure
al ong the z-axis;

2.2.1.3. if the beam is symetric, contour (isobar)
plots of peak positive pressure at a typical
shock wave generator output setting in x-z OR
y-z pl ane;

2.2.1.4. if the beamis not symetric, contour (isobar)
plots of peak positive pressure at a typical
shock wave generator output setting in x-z AND
y-z pl anes; (Here  x- and y-directions
correspond to m ni mum and maxi nrum beam w dt hs,
which are assuned to be |located along
per pendi cul ar axes. Please indicate if this is
not the case.)

2.2.1.5. spatial sanpling increnents (dx, dy, dz), and
justification for their choice;

2.2. 2. a description of the focal region in terns of the
-6 dB beam wi dths, for peak positive pressure al ong
the x-, vy-, and z-axes, and for peak negative

pressure along the x- and y-axes.

2.2.3. a description of any variation in peak positive
pressure location (from 2.2.1.2) and -6 dB beam
widths (2.2.2) as a function of the shock wave
generat or output setting.

2.3. Beam Ener gy

Provide a calculation of the energy per pulse by integrating
the field over the -6 dB beam surface at the focal maxi mum
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The energy in a lithotripsy pulse at the focus can be
approxi mat ed by the expression,

E=2z" ()S()pz(r,Q,t) dt ds, (1)

where r and Q are spatial polar coordinates over the focal
surface S, t is tinme, pis the acoustic pressure functioné and
Z is the acoustic inpedance of water, nomnally 1.5x10° nks
units (rayls). For a beamw th circular symetry,

R
E=2p oPlI(r) rdr, (2)
0

where PII(r), the pulse intensity integral at lateral distance
r, is

PlI(r) =Z" gp?r,t) dt. (3)

For the purposes of this calculation, Rin equation (2) is the
-6 dB beam radius based on a plot of the peak positive
pressure. In evaluating E, the results of four radii along
two orthogonal dianmeters should be averaged. One nuneri cal
solution of equation (2) is

N

E=O.5p_51(PIIi + Pl1i)(R? - R41Y). (4)
| =

Here it is assuned that a neasurenent of the beam has been
made laterally at N+1 points between r=0 and r=R and that the
pul se intensity integral at point r=R is PIl;. A so, R=0 and
R=R

3. Measurenent Techni ques
Provide details of the nmeasurenent technique, including:

3.1. the placenment schene of the shock wave source and
hydr ophone used to determne the information gathered in
nunber 2 (above) (e.g. hydrophone nounting, positioning,
and alignment relative to source);

3.2. the anal og bandw dth, sanpling rate, and nunber of bits
of the digitizer enployed; (For accurate neasurenent of
rise tine, t,, the sanpling rate should be greater than
approxi mately 5/t,.)

3.3. an assessnent of the systematic and random errors
i nvol ved in making these neasurenents, including a brief
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description of all relevant errors considered and an
expl anation of how the overall error was determ ned.

3.3.1. an assessnment of the effects of shock-to-shock
variability on neasurenent accuracy, including
variations in the pulse quantities in 2.1.2 and
2.1.3, and beamw dths in 2.2.2.

FDA/ CDRH Draft 1/18/91



LITHOTRIPSY PULSE MEASUREMENT ERRORS DUE TO NON-IDEAL
HYDROPHONE AND AMPLIFIER FREQUENCY RESPONSE

Gerald R. Harris

Center for Devices and Radiological Health
Focd and Drug Administration
5600 Fishers Lane, HF2-132, Rockville, MD 20857

Abstract - When wusing miniature wultrasonic
hydrophones to probe the focal region of
extracorporeal shock wave lithotripsy devices, the
frequency response of the measurement hydrophone
and any associated amplifier must be broad enough
tc minimize pulse distortion. To study the
potential effects of bandwidth-limited behavior on
lithotripsy pulse measurements, a mathematical
model used previously for diagnostic-type pulses
was modified [G.R. Harris, 1989 IEEE Ultrasonics
Symposiun Proceedings, pp. 1061-1065). Several
parameters of a simalated lithotripsy pulse were
compared before and after being filtered by
hydrophone and amplifier response functions, both
separately and in combination. Errors were
computed for the peak positive and negative
pressures, rise time, pulse duration, and pulse
intensity integral as functions of hydrophone and
amplifier bandwidths., Alithough most of the energy
in a shock wave pulse lies at frequencies below a
few megahertz, significant errors can occur unless
measurement bandwidths are much wider. For
example, for a 20 ns rise-time pulse, the
bandwidths of the hydrophone or amplifier acting
separately should extend beyond 40-50 MHz to keep
rise time errors below 10%. However, because the
two response functions can compensate one another
to some extent, accuracy for the combined response
can be maintained at lower bandwidths if the
amplifier's cut-off frequency is less than the
hydrophone’s thickness resonance peak.

I. INTRODUCTION

At the focus of an extracorporeal shock wave
lithotripsy (ESWL) device’s shock wave field,
pressure pulses are characterized by an initial
compressional (positive) half cycle having a
rapidly rising leading edge, followed by a more
slowly varying rarefacticnal (negative) half cycle
{11. After the negative pressure peak, the
pressure amplitude gradually decreases, either
monotonically or with damped oscillatiens.
Because this slowly varying pressure “tail" can
persist for many microseconds, most of the energy
in an ESWL pulse lies at frequencies below a few
megahertz., However, at the highest ESWL generator
settings, positive pressure rise times typically
are less than 50 ns, and may be less than 10 ns.
Therefore, a wide bandwidth hydrophone and
amplifier are necessary to reproduce faithfully
all the features of the ESWL pulse.

Coleman and Saunders have made useful experimental
comparisons of the responses of different
hydrophones to a shock wave pulse [2]. However,
their study did not include a quantitative

analysis of the errors associated with these
measurements. In a previous paper by this author
the effects of hydrophone and amplifier frequency
response  on  the measurement of diagnostic
ultrasound pulses were studied theoretically [3}.
In this paper a similar approach is applied to
pulses typical of those encountered in ESWL
devices. After describing the theoretical model
in Section II, various simulation results are
presented in Section III. Also considered in Sec.
IIT are the effects of undersampling by the
waveform recording device. Section IV concludes
with suggested rules of thumb for choosing
hydrophone and amplifier bandwidths.

II. DESCRIPTION OF MODEIL

Figure 1 contains a block diagram of the pulse
tesponse model. The pressure p, (t) represents the
ESWL pulse as a function of time, t; p,{t) is the
pulse after being filtered by the hydrophone and
amplifier response functions, H(f) and H (£),
respectively, f being frequency. Thus, p‘(E) is
found from

p,(t) = F1(P (£)-H (£}-H (£)], (1)

wbcr-re P {f) is the Fourier transform of p, (t), and
F" denotes an inverse Fourier transfotm. The
mathematical forms of p, (t), H (£), and H, (f) are
discussed below.

Pl o—s] HuD 1) |—o Polth-

Figure 1 - Block diagram of pulse response model.

A. ESWL Pressure Pulse

The general form for p, (t) used in this study was
similar to that described by Church [4}. It
comprises the product of falling and rising
exponentials and a sinusoid, as in Eq. (2).

p(t) = e “"(1 - e P")sin(2nE(t, - t}] {2)
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Although it is difficult to define a typical pulse
shape, proper choices of the constants a, B, f,
and t, in Eg. (2) can give pulses that closely
mimic those observed experimentally using the best
available measucement techniques [1]. Thega
constante were adjusted to achieve desired values
for the rise time (t }, pulse width {t,, defined
as the time between the half amplitude points on
the initial positive pressure half cycle), and
peak positive to negative pressure ratio (pc/ptz.
For example, with a =1 ug” B =86 ps ,
£=-0.1mMz, and t, = 1 ps, the pulse in Fig. 2
results. This pulse has a rise time of 20 ns, a
pulse width of 370 ns, and a P./P, ratio of 6.6.

T O T
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Figure 2 - Simulated ESWL pulse p, (t}). See Pulse

#2 in Table I.

Table 1 contains data on this pulse and five
others used in the simulations. Rise times range
from 10 ns to 80 ns. Pulse widths are between
300 ne and 400 _ns, except for Pulse #5, for which
t = 200 ns. Pressure ratios vary from

approximately four to eight,

TABLE I

Values for constants in Eg. {2) expression for
p,it), and calculated rise times, pulse widths,
and positive/negative pressure ratios

Pulse o, 8, f t, t, L, P./P,
{us™") (ps™ ) (MHzZ) (ws) (ns) (nS)
1 1 190 0.1 1.0 1o 350 6.9
2 1 86 6.1 1.0 20 1370 6.6
3 1.5 96 0.5 0.6 20 330 4.2
4 1.05 37.5 0.1 1.0 40 150 6.5
5 3.8 27 0.7 0.4 40 200 8.2
] 1.8 14 0.5 0.6 80 340 4.:

Values of p, {t} were computed 4096
equally-spaced points over an B us interval,
giving an equivalent sampling increment of 1.95
ns., All Fast Fourier Transform computations were
done on 4096-point arrays.

at

B. Amplifier and Mydrophone Responses

The hydrophone’s amplifier response,

H (f), was
modeled as a single-pole,

lew-pass filter with

low-pass (-3 dB) corner freguency, f. (see [3],
Eg. (2}). The hydrophone response, H (f), was
derived using Mason’s model for a symmetrically
loaded piezoelectric receiver [5). The
hydrophone’s thickness resonance frequency is
denoted by f (see [3), Eq. (4)).

C. Pressure Pulse Calculations

Five quantities were calculated on the pulse

before and after filtering; that is, on p, (t) and
P, (t). They were peak positive pressure {(p ),
peak negative pressur (p, )« se
pressure-squared integral (p'I), rise time, and
pulse width. Pulse width and rise time were
computed via linear interpolation between sample
points. An error value, defined as the percent
deviation of p (t) from p, (t), was computed for
each of these five quantities.

II1, SIMULATION RESULTS

A. Amplifier Response

First the effect of the amplifier acting alone on
p, {t) was considered for 50 values of £, from 2
Miz to 100 MHz. The error for the five pulse
quantities all approached zero monotonically with
increasing frequency. The errors for P ¢ P, and
p'I were negative {i.e., the p, (t) quantities were
smaller); those for t, and t were positive.

As an example, Table II contains frequencies at
which the error for the five quantities fall below
+5% and +10% for the Pulse in Fig. 2. One can see
that, exXcept for rise time, a bandwidth .of
approximately 10 MHz will result in deviations of
+5% or less. Also, for a given f , p, and p'I can
be measured more accurately the other
quantities because of their relatively small high
frequency content.

—

TABLE 11

Values of £, (MHz) at which errors are less
than +5% and +10% for Pulse #2 in Table I

Error P, P, pI t, t,
< +5% 9 1 ) 69 11
< +10% 5 <1 3 46 7

For a pulse pt(t) almost identical to the one in
Fig. 2, but with t‘_ = 10 ns (Table I, Pulse 1),
values of f. = 18 and 10 MHz result in errocs
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below +5% and +10%, respectively, except for rise
time. = For the ercor in t  to be less than or
equal to +5%, f omust be greater than 100 MHz; for
s10v, £, 3 94 Mz,

B. Hydrophone Response

The variation in error with frequency was more
variable for the hydrophone response. The
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Figure 3 - Error for peak positive pressure {p)
as a function of hydrophone rescnance frequenccy
(£} for the pulse in Fig, 2.
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Figure 4 - Ecror for rise time (t ) as a function
of hydrophone resonance frequency (f )} for the

pulse in Fig. 2. Ercrors greater than J50% are not
plotted.
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Figure 5 - p, (t) (solid} and p_ (t) (dashed) for
hydrophone response to Fig. 2 pulse with
f, = 10 MHz,

difference is due to the thickness resonance peak
in H (f), a trait common to hydrophones of the
spot-poled membrane type {6, 7). To illustrate,
Figs. 3 and 4 contain plots of the error for P,
and t as a function of f, for the pulse in Fig.
2. In Fig. 3 the error for p_reaches a positive
peak at about 5 MHz, falls rapidly to less than 2%
at 34 MHz, and remains close to zero thereafter.
The error for t in Fig. 4, although initially
positive and quite large, passes through 0% just
above 20 MHz, reaches a negative peak of about
~30% at 35-40 MHz, then rises quickly to cross the
axis again at approximately 50 MHz, after which
the change is rvelatively small. There is a
negative error peak of about -5V at f « B0 MHz.

The chanjes-in both of these plots are due to the
oscillations induced in p,{t) by the hydrophone’s
tesonance peak. As an example, Fig. S contains
the first microsecond of p,{t) and p (t) for
£, = 10 MHz. Prominent are the first two
oscillatory peaks at approximately 70 ns and
160 ns (cf. [2], Fig. 3). As £, “Ts increased the
amplitude of the first peak decreases with respect’
to the second, and the two become equal at
£, = 34 MHz, the breakpoint in Fig. 3. Between {5
and 50 MHz the first peak falls below 90% of the
second, which accounts for the rapid increase in
the rise time of pq(t) just below 50 MHz in Fig.
4. (Recall that rise time is related to the 10%
and 90% amplitude points on p, (t) or p_(t).}

Table III gives +5% and +10% error values for f,
analogous to Table II. A bandwidth greater than
about 50 MHz would keep errors less than 5% for
the pulse in Fig. 2. For the 10 ns rise time
pulse, the error plots corresponding to Figs. 3
and 4 have similar shapes, but all the features
described above occur at approximately twice the
f, values. Likewise, the f values in Table IIL
approximately double for p.. t,,and t .
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TABLE III

200

Values of (MHz} at which errors are less
than +5% and +10% for Pulse #2 in Table I
Error P, P, p’I £ L
< +5% 30 1 S 48 31
< +10% 25 1 2 47 21
(a)

T T TT T T
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Figqure 6 ~ EBrror vs €
= 20 MHz (dotted),
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C. Combined Response

To study the effects of the combined amplifier and
hydrophone response, f was varied from 2 MHz to
100 MHz in steps of 2'MHz, for fh values of 20,
40, and 80 MHzZ. These three f values correspond
to membrane hydrophone film thicknesees of
approximately 50, 25, and 12 ym, respectively.

Plots of the error vs £, in response to, the rig. 2
pulse are given in Fig. 6a-d for P.r PI, t, and
t,. Unlike the equivalent plots for H (f) in
Figs. 3 and 4 above, here all traces are
single-valued. Also, the final values {i.e., the
£ = 100 MHz wvalues) are not necessarily the

(b)
4.0 C
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E
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-390,

b0 20. 40, 50. BO. 190
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for combined hydrophone/amplifier response to Fig. 2 pulse at
f, = 40 Mz (dashed), and f = B0 MHz (solid).
In {c}, errors greater than 250% are not plotted.

(a) p,; (b) P'1;
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lowest values, because most of the curves cross 0%
at a value of f, less than or approximately equal
to £ . Furthermore, for the case of rise time in
Fig. 6c, the £ = 100 MHz value for £ = 20 MHz is
less than the value for = 40 MHz; that is, the
hydrophone with the smaller bandwidth seems to be
®otfe accurate. Though not an intuitive result, it
is consistent with rig. 4, which can be considered
an error plot for t vs f at £, = = (Compare the
ecrors at 20 MHz 40 M1z in rig. 4.)

Figure 7 contains the first microsecond of p, (t)
and p {t) for £ = 30 MHz and - 40 MHz, ere
p,(t) is the pulse in rig. 2. 'In this case the
error for t  is approximately 3%, and the other
errors are all within +1%, For the 10 ns rige
time pulse, £ - 60 Miz and f, = 80 MHz give
similar results.

Prassure

.00 .23 .50 s 1.0
Time (microseconas)

Figure 7 - p, (t) (solid) and p,(t) (dashed) for
combined hydrophone/amplifier résponse to Fig. 2
mlsewithfa-?:ﬂﬂﬂzarﬂfh - 40 MHz.

The error for P, wAas not plotted in Fig. &
because, for values of £ greater than 1-2 MHZ,
the error was less than %%. The only situation
studied in which the error for p, exceeded 5% at
£, = 2 MHz was when f in Eq. (2) vas increased, as
could be encountered with piezoelectric
lithotripters {1]. For example, using Pulse #3 in
Table I, which has a frequency £ of 500 kHz (Fig.
8}, the error for p, was between 5% and 10% at
f =2 Mz, In no case considered in Table I was

error for p  significantly greater than 10%

until £ fell beiow 2 miz.
D. Errors Induced by Undersampling

With a sampling increment of 1.95 ng (Sec. II.A},
the sampling rate for the various ESWL pulses
mxdeled was approximately 500 MHz. To examine
what effect decreasing this rate could have on
pulse measurements, rise time and peak positive
pressure values for sampling rates at 50, 100, and
450 Mz were compared to the "true® values at
500 MHz. Maximum rise time errors for 10 ns and

3
I

Pressure
{emarmer=]

P*_;

.00 2.0 4.0 8.9 8.0
Time (microseconds)

Figure 8 - Similated ESWL pulse p,(t). See Pulse
#3 in Table I.

20 ns rise time pulses (Pulses #1 and #2 in
Table 1) are given in Table IV,

As can be seen from Table IV, rise time
measurements can be affected significantly by
undersampling the time waveform. As a rule of
thumb, the sampling interval should be at least
five times smaller than the measured rise time.

TABLE 1V

Maximum rise time errors due to undersampling
for pulses with t, = 10 ns and 20 ns

Sampling Rate Error
(MHZ) t ~-10-ns L, =20 ns
50 : 210% 62%
100 62% 2%
250 15% 4.0%

.

Corresponding errors for p. were quite gmall,
exceeding 1% only at S50 MHz for the 10 ns rtise
time pulse. This small error is due to the fact
that ‘the fall time for the initial positive
pressure half cycle is much larger than the rise
time, typically being hundreds of nanoseconds in
duration.

IV. CONCLUSIONS
The usefulness of the analysis in this paper is

dependent on how well the functional forms of
p{t), H(f), and (£} match real world

situations, with regard to p (t), Figs. 2 and 8,
as well as the other pulses fepresented in Table
I, are similar to experimentally observed pulses.




Gerald Harrls

In practice ESWL pulses having rise times less
than the 10 ns lower limit considered here are
concetvable, but accurate measurements below 10 ns
are beyond the capabilities of current technology.
Furthermore, it is not clear how much such refined
knowledge would add to safety or effectiveness
studiec of ESWL devices.

With regard to the hydrophone and amplifier
response models, the H (f) used is applicable
primarily to membrane type plezopolymer
hydrophones. However, at least one needle type
hydrophonte that has been used to measure ESWL
pulses displays no rescnance peak, and begins
tolling off at about 10 MHz [8]). If the frequency
response of this hydrophone is approximated by the
amplifier response H (f) with f, = 10 Mz, then
the results in Sec. IYI.A can be used to estimate
its performance. (Mote that in (2], at least one
of these needle probes has been found to have

diminished iow frequency response, a feature not
examined here.)

Based on simulations of the pulses in Table I, the
two rules of thumb below can be used to assist in

choosing hydrophone and amplifier bandwidths,
given an expected value for the rise time.

1) Bandwidths equal to or greater than 1t will
keep rise time errors less than about 10%, and
other pulse quantity errors less than about 2%,

2) Bandwidths equal to or greater than 12t will
keep rise time errors lesg than about 308, and

other pulse quantity errors less than about
15%,

In Sec. III.C an example was given of how accuracy
for the combined hydrophone/amplifier response
could be maintained at lower bandwidths by

choosing an £, a little less than f, (In the
example, £ =~ 0.75f ). However, optimal
selection of £, fg requires some a priori
knowledge of the pulse to be measured.

In addition to these bandwidth considerations, the
sampling rate of any waveform digitizer used
should be grester than approximately 5/t to kéep
rise time errors due to undersampling small (less
than a few percent).
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